THE term electrolyte in clinical acid-base equilibria means such substances as exist in the body, largely in an electrically charged ionized form. The principal electrolytes in the plasma are sodium, potassium, calcium and magnesium, positively charged ions, and chlorine, phosphate and bicarbonate and proteins, negative ions. The proteins of the body have an isoelectric point far to the acid side of the body pH, and at the body pH are negatively charged and are capable of binding a considerable quantity of base. It is necessary to make a few general observations in order that the functions of the body electrolytes in maintenance of osmotic equilibria can be appreciated. Fig. 1 shows the normal distribution of acids and bases in the blood plasma. Sodium on the base side and chlorine and bicarbonate on the acid side form by far the greater proportion of the plasma electrolytes, and to a very large extent I propose to concentrate on changes in these three ions.
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Changes in many of the other plasma electrolytes are extremely important, e.g. calcium in various bone and nutritional disorders, potassium in familial periodic paralysis and Addison's disease, but as regards actual maintenance of acid-base balance, they have only a quantitatively minor role to play compared with the three first mentioned.
The electrolytes by virtue of their electric charge, are unevenly distributed throughout die fluids and tissues of the body. The composition of the tissues is entirely different from that of the plasma and extracellular fluid of the body. In the tissues the principal base is potassium, largely neutralized by protein and in many tissues chloride is present only to very small amount. Water and salts can pass freely between the plasma and the interstitial fluid of the tissues, whose composition resembles closely a protein-free filtrate of plasma, and in any changes in electrolyte composition, the plasma interstitial fluids, lymph and cerebrospinal fluid, constitute the "extracellular fluid", which comprises about 20% of the total body-weight. The actual fluid of the tissue cells themselves is in osmotic equilibrium with the interstitial fluid. Water can pass freely between cells and tissues to maintain osmotic equilibria, anions or acid radicles rather less easily, the kations, potassium and sodium pass only with difficulty between fluid and healthy tissues, and protein of course does not normally pass even from the plasma to the interstitial fluid. This unequal distribution of ions is responsible for the maintenance of osmotic equilibria throughout the body. A substance such as urea which can diffuse easily across membranes and is evenly distributed throughout body fluid and cells can, of course, have no value at all in maintenance of body fluid distribution. I should like to make the suggestion that workers in this country should begin to think and speak more in milli-equivalents when dealing with electrolyte equilibria. It is impossible to add so many "milligrammes" of chlorine to "volumes" of bicarbonate and "per cent." of protein and get a rational answer. The milli-equivalent of any substance is merely its equivalent weight in milligrammes, and is obtained by dividing the number of milligrammes of substance in one litre by the equivalent weight: for example, serum normally contains some 355 mg. of chlorine per 100 c.c., or 3,550 mg. per litre: if this is divided by 35-5 (the atomic weight of chlorine) it gives a value of 100 m.Eq. per litre. This also does away with the confusion which arises through uncertainty as to whether a chlorine value is expressed as chlorine or as sodium chloride; if the serum chlorine value is expressed as 585 mg. (as sodium chloride) per 100 c.c. then the division has to be made by 58 5 (molecular weight of sodium chloride), which gives the same answer. The conception is used in everyday parlance in connexion with test meals; the expression for the acidity of x c.c. N/10% is merely a rather clumsy way of saying x m.Eq. per litre. Table I gives conversion figures for some of the more important electrolytes.  TABLE I For divalent ions, such as calcium, it is important to remember to divide by the equivalent weight, which is half the atomic weight.
In round figures 100 m.Eq. per litre may be regarded as a mean normal value for serum chloride, 140 m.Eq. per litre for sodium and 27 m.Eq. per litre for bicarbonate. The derivation of the base binding power of the proteins is less easy, but in normal blood plasma they may be taken as binding about 16 m.Eq. per litre of base.
As many physicians are still more familiar with values expressed as "mg. per 100 c.c." than in m.Eq. /litre, I have deliberately refrained from being entirely consistent and using milli-equivalents throughout, but I hope that before long, this notation will entirely replace the older one when dealing with electrolytes.
The distribution of electrolytes between cells and plasma is so unequal that analyses of whole blood are for all ordinary purposes useless: variation in proportion of cells and plasma merely through anaemia produces very much bigger changes in whole blood composition than the great majority of 'actual clinical electrolyte disturbances. For accurate work on acid-base equilibria it is essential to collect the blood without stasis, out of contact with air, and to separate serum or plasma out of contact with air. If this is not done, there is loss of carbon dioxide from the plasma, followed by passage of chlorine, with water to accompany it, from cells to plasma, so that appreciable changes from the conditions inside the body are brought about. In an emergency, analyses of clinical value, which might otherwise be missed, can less accurately be made on blood taken without any special precautions; the chloride and sodium values will usually be within 4% of the true value, and the bicarbonate, which suffers most, is not likely to be more than 10% in error, if separated serum is equilibrated with alveolar air, e.g. a true plasma bicarbonate value of say 55 vols. % may be reported as 50. However, for all accurate work, properly collected samples are essential and all figures given in this paper are based on sera obtained and separated without contact with air. Finally, anti-coagulants, with the exception of heparin, cause disturbances in cell-serum electrolyte relations and it is preferable to use serum rather than oxalate plasma for analysis. Fig. 1 also gives some examples of types of disturbance of the electrolyte pattern of serum met with fairly commonly. For simplicity, only the acid side is shown in the figure: the total base (predominantly sodium) is in all cases necessarily equal to the total acids. One thing common to all is that the body is very much less tolerant of gross variations in the level of serum total base (or, as sodium is by far the main component, of level of serum sodium) than of gross variations in chlorine and bicarbonate. It is possible, for example, in alkalosis for serum chlorine to fall to half its normal value, and provided dehydration is absent the patient may be in fair clinical condition, but a fall of very much less degree in the sodium level is incompatible with life. Diagrams A and B show the electrolyte pattern in two forms of acidosis, i.e. nephritis and diabetic ketosis. They both show a slight fall in sodium or total base, a slight or moderate fall in chlorine, a greater fall in bicarbonate and an appreciable rise in "undetermined acids".' In nephritis these undetermined acids comprise a variety of to some extent unknown acid radicles, in diabetic ketosis the rise is practically all accounted for by accumulation of keto-acids.' Diagram C shows the condition in alkalosis, typically due to persistent vomiting: here again there is frequently a slight fall in'the base, but the acid side of the picture is very different: the fall in chlorine is out of all proportion to that of base, and the missing chlorine 'is replaced by gross excess of bicarbonate. The final picture (D) is the condition in untreated Addison's disease. Here the fall in base (mostly sodium) is the most prominent feature, the fall in chlorine and slight fall in bicarbonate being only just that required to balance the fall in base. In some of these conditions, particularly in Addison's disease, there may of course be very striking rises in serum potassium, up to even twice its normal 'The difference between the measured value of total base and the sum of the measured values for chlorine, protein, phosphate and bicarbenate.
value, but quantitatively this has little effect on the total acid-base balance. In normal blood, sodium forms about 140 m.Eq. per litre out of the total base (sodium + potassium + calcium + magnesium) of 152 m.Eq. per litre, and in discussing changes in body acid-base balances, changes in sodium levelrepresent very closely the changes in total base. I have not mentioned so far the actual pH of the blood: unfortunately it is one of the most difficult constituents to measure accurately. The body permits of only comparatively slight variations, and the terminal stages of a patient dying in uraemic acidosis and the grossest alkalosis are probably completely covered by a serum pH range of 6-9 to 7-7. Of course, even at the extreme acid pH of 6-9, the amount of ionized hydrogen is far too small to be shown on a diagram such as fig. 1 . There is a tendency among clinicians who have not worked much with these metabolic problems to regard changes in sodium and in chlorine as two entirely independent phenomena; they tend perhaps to think of a fall in serum sodium in Addison's disease and a fall in serum chlorine in nephritis. Actually there is in general a reasonably close parallelism between changes in serum chlorine and serum sodium levels in normal and most pathological conditions, provided there is no great change in the alkali reserve. On the whole in untreated Addison's disease the sodium is a little more diminished than the chlorine, while in nephritis, owing to the accumulation of undetermined acids, the chlorine is a little lower than would be expected from the sodium level, but on the whole the sodium: chlorine ratios are within a range which is not very wide.
In reality the fall in serum sodium (together with chlorine) is far from confined to Addison's disease. It is a very common phenomenon in nephritis and in many types of infection, particularly tuberculosis, and is not at all uncommon in patients ill from any cause. In alkalosis, however, the amount of base combined with bicarbonate is so great that the points fall right out of the general run. Fig. 2 it can usually be assumed that there is no gross deficiency of total base. Generally speaking, when the chlorine level in the serum falls below about 95 m.Eq. per litre, the excretion of chlorine in the urine falls to a low level. This is, of course, the cause of the age-old observation that urinary chloride excretion practically ceases in patients with lobar pneumonia. In Addison's disease, on the other hand, it is well known that high chlorine in the urine can exist with low chlorine in the plasma, and this is the basis of several clinical tests for adrenal cortical insufficiency. What is less generally realized is that the excretion of chlorine in large quantity with low plasma chlorine is not confined to this condition, it occurs, for example, not infrequently in tuberculosis.
Alkalosis, a common clinical example of disturbed electrolyte balance, usually arises through loss of large quantities of gastric secretion in the vomiting of pyloric stenosis. The gastric juice not only contains large quantities of hydrochloric. acid, so that the chlorine of the plasma falls and is replaced by bicarbonate, but it also contains appreciable amounts of base, so there is, in addition, in persistent vomiting a fall in' serum -total base. If the vomiting is due to obstruction, mechanical or otherwise, below the entrance of the pancreatic duct, the vomit may be neutral or alkaline; in this case hypochloremia, without alkalosis, may develop. All experimental evidence leads to the conclusion that the kidney is interested primarilv in maintaining the composition of the plasma, and is not concerned with the total amount of fluid in the body. In order to do this, the kidney excretes water, while retaining as much base and chlorine as possible,, and the urine becomes nearly sodium and chlorine free. The loss of fluid by vomiting and in the urine may lead to dehydration, with a rise in blood urea, and although the body may be in a state of marked alkalosis, the attempt to conserve base may produce a strongly acid urine, which only becomes alkaline later as 1therapy begins to take effect. This In general these changes in alkalosis are the easiest of the clinical acid-base disturbances to remedy. The condition is due essentially to mechanical loss of sodium and chlorine from the body, and if these can be replaced by other routes, in general the metabolic upset is rectified. It is necessary, however, to give adequate amounts of salt, and failure is sometimes due to totally inadequate dosage.
If the extracellular fluid is taken as rather more than 20% of body-weight, then a 10 st. individual has 14 litres of extracellular fluid; suppose the chlorine of the plasma (and the plasma findings give a general indication of the condition in the whole of the extracellular fluid) has fallen to 50% of its normal value, a by no means uncommon level, then each litre of extracellular fluid is short of chlorine corresponding to some 3 grammes of NaCl, and if there had been no water shift between the extra-and intracellular phases, 14 x 3 1= 42 grammes would be sufficient. Actually the water shift is of such magnitude that to remedy the deficiency, the volume of fluid to be taken into consideration is the whole body-water, or some 70% of body-weight.'
A rough useful guide as to the amount of salt required is given by Bartlett, Bingham and Pedersen (1938) , for each 100 mg. per 100 c.c. that plasma chloride is below normal, 05 gramme of salt should be given per kilogramme of body-weight. Fig. 3 illustrates a case where the chloride had fallen to half its normal value, and restoration of the normal chemistry of the blood required 17 litres of normal saline, over a period of a week. It also shows another thing: the raised blood urea (104 mg.
per 100 c.c.) was restored to normal by relief of dehydration, after only 2% litres had been given and while the electrolyte composition of the plasma was still grossly abnormal. This patient was comatose at the beginning but rapidly improved as the saline was given: she .passed urine with a pH as high as 8-0 right from the beginning, although actually the sodium content of the urine for the first three days of therapy was too low to be measured. Fig. 4 , in contrast, is an example of another patient whose treatment was largely carried out by giving 2%/,% glucose in half-normal saline by mouth in spite of some vomiting. After an initial 2 litres intravenously, all salt was given orally. The condition of cramps and listlessness present at the beginning responded well, with rapid relief of the tetany and restoration of practically normal lAood composition after five days. In this case the amount of salt required was less than would have been expected, only 2 litres normal saline intravenously and 10 litres half-normal by mouth. The rise in the urea clearance from some 15% of normal at the beginning to over 72% on the fourth day is also noteworthy, the blood urea falling from 165 mg. per 100 c.c. to 28 mg. per 100 c.c. over the same period. This patient, in spite of all the manifestations of alkalosis on admission had a strongly acid urine, pH 5-8 to 6-4 in the first four specimens, and it was not until over 2 litres of intravenous saline had been given that an alkaline urine was passed.
Infants are rather intolerant of normal saline, owing to the incapacity of their kidneys to concentrate chlorides beyond a very low level, but this is not any contraindication to the use of full strength saline in adults. In alkalosis and Addison's disease at affy rate I have never seen any harm, and I am not convinced that normal saline, used reasonably, has any serious danger in surgical patients. So long as the urine contains only minimal amounts of chloride, there is little danger of salt poisoning.
To avoid the very large volumes of fluid necessary for adequate salt dosage, hypertonic saline may be considered, and when used carefully in say twice normal strength with adequate biochemical control, has its value, but strong solutions can be extraordinarily dangerous. The next two cases are examples of errors in the use of hypertonic saline with disastrous results. Fig. 5 demonstrates the effect of hypertonic saline in alkalosis. This patient, aged 41, was admitted in coma, with pyloric obstruction, following a history of dyspepsia and persistent vomiting for some months. The diagnosis of alkalosis was easily made and a drip of intravenous 5% glucose in tormal saline at a rate of about 2 litres a day was immediately commenced. Blood taken at the time showed exceedingly gross changes, chloride less than 50 m.Eq. per litre, bicarbonate 56 m.Eq. per litre and blood urea 225 mg. per 100 c.c. After four days of treatment, the clinical condition showed only slight improvement, and the blood urea had risen to 310 mg. per 100 c.c.
At my suggestion. owing to the very limited improvement in electrolyte chemistry, and as there was then no.clinical evidence of dehydration, it was decided to give some 5% sodium chloride intravenously, and the next day after 1 litre of this, his clinical 'As intracellular fluid contains essentially no chloride or sodium, this may be a little difficult to understand. It is very clearly discussed by Peters in Duncan, "Diseases of Metabolism." p. 303. (Saunders, Philadelphia, 1942.) condition had very strikingly improved. Unfortunately, through a misunderstanding, -a further litre of 5% saline was given, and the clinical condition equally rapidly deteriorated: chemical analysis showed now that although the blood urea had fallen to 185 mg. per 100 c.c., the serum sodium and chloride had risen far above normal. As soon as the sodium and chloride figures were known, the intravenous infusion was .changed to glucose in water, but he never made a satisfactory recovery. Post-mortem revealed a very widespread inoperable carcinoma, so this therapeutic error had fortunately accelerated the end but slightly.
The second example of the danger of hypertonic saline is a case of Addison's disease. In this case an intravenous injection of hypertonic saline was given by an enthusiastic medical officer to a patient in crisis. He fortunately took some blood for investigation before and immediately after the injection. The clinical condition of the patient was much worse after the injection, and although the same afternoon energetic therapy with adrenal cortical extract and normal saline was given, the patient died. The chemical effects are shown in Table II . The most significant change is the fall in plasma protein, which indicates that fluid has been diverted from the already dehydrated tissues into the blood-stream, but there is only slight change in the sodium and chloride level. The same table shows for comparison, the chemical effect of similar treatment given to a patient with urxemia, and suppression of urine. In this patient there was a definite improvement in the blood chemistry, and a copious secretion of urine following the injection. 
6-8%
5 0% --Although the deficiencies of sodium and chloride may not be equivalent, it is most satisfactory to use the neutral salt sodium chloride to remedy the disturbances, provided the kidneys are normal. As shown long ago by Gamble and others, the kidney is capable of retaining what is required to correct the abnormal plasma composition, and of excreting the remainder; there is no value in using acid salts in alkalosis. It has recently been pointed out (Ariel, et al., 1943) as an occasional cause of failure in therapy, that when plasma protein is very low, as for example in carcinoma of stomach, it may be impossible to get the sodium and chlorine back to normal unless the hypoproteinaemia is first corrected by plasma or serum albumin administration.
The disturbance of electrolyte metabolism in Addison's disease is due to lack of the adrenal cortical hormones which regulate salt excretion by controlling the amount of sodium and chlorine reabsorbed by the tubules from the glomerular filtrate. In absence of cortical hormone, very little reabsorption takes place, and the body loses salt. In some cases of Addison's disease the administration of large quantities of salt (or a mixture of sodium salts) alone is sufficient to alter the balance, so that a sufficiency is retained in the body, even though reabsorption is imperfect, and a satisfactory clinical and chemical improvement can be obtained by this means alone. In other cases, even the use of large doses of cortical extract as well as salt only produces limited improvement: recently it has been shown that the use of androgens may reinforce the cortical hormone, and produce further clinical benefit. Fig. 6 shows the changes in one Addisonian patient who was treated with 15 grammes salt daily by mouth, with remarkable clinical improvement, and restoration of body chemistry nearly to normal: this patient was never given any cortical hormone, but was able to go home and live a fairly normal life for many months. The second (fig. 7 ) on the other hand shows a patient who was given, in addition to salt, large doses of a potent cortical extract, and even with that, the restoration of the body chemistry was slow and imperfect, and when the limited supplies of cortical extract available at the time came to an end, her clinical condition rapidly deteriorated in spite of continuation of large doses of salt.
A new syndrome of salt deficiency, resembling adrenal deficiency, but due to a completely different mechanism, has recently been described by Thorn, Koepf and Clinton ('1944) . This occurs in a certain number of cases of chronic nephritis, where the imbalance of salt excretion is such that the body gradually loses sodium over a long period, and eventually a clinical condition resembling Addison's disease, but without pigmentation, is produced. For a considerable period, some of these patients mav be restored to health by administration of sodium salts intravenously or by mouth, but, unlike Addison's disease, the reabsorption abnormality is primarily due to disease of the tubules, and not due to lack of cortical steroids, and administration of cortical extract is without effect. In the end, unfortunately, the patients pass into the more common renal condition, where they are intolerant of salt, and salt therapy leads to retention of sodium and water, and the production of aoedema. The theoretical interest of this condition is that a similar irregularity of tubular reabsorption can be produced by the two causes, pathological changes in the tubules themselves or insufficient supply of the necessary hormones to enable normal tubules to function properly. So far all the conditions I have dealt with have been conditions where there is a deficiency of base and chloride in the blood: the opposite condition does occur, but not nearly so commonly. Rout.ine estimation of cerebrospinal fluid chlorides from time to time produces high values, above the normal limit of 750 mg. per 100 c.c. (128 m.Eq. per litre). There is little doubt that cerebrospinal fluid is a secretion by the choroid ks plexus and not merely a dialysate of plasma, but it is in osmotic equilibrium with the plasma and a high cerebrospinal fluid chloride is invariably associated with a high plasma chloride, and vice versa. When urea estimation is carried out on the blo-od or cerebrospinal fluid of these patients, it is usually found to be very high, 300 mg. per 100 c.c. or more, and at first sight the patients appear to be examples of a terminal nephritis. Actually the findiing of high sodium and chloride levels in terminal nephritis is rare, and the great majority of these patients fall into the so-called "extrarenal azotoemia" group. In spite of very high blood sodium and chloride levels, the urine is practically devoid of these elements, although potassium and urea, among other substances, are excreted in high concentration. The cause of this phenomenon is far from clear, but it seems possible that some nervous action, possibly via the pituitary, is involved. A large proportion of patients with this condition whom I have studied have had intracranial lesions of one form or other.
Apart from these cases, clinical examples of high electrolyte concentrations are rare; one example is Cushing's syndrome, where significantly raised figures for sodium and bicarbonate are not infrequently found.
It is perhaps not irrelevant to say a few words about the significance of low cerebrospinal fluid chloride: invariably low cerebrospinal fluid chlorides are due to low chloride content of the plasma. A fall in cerebrospinal fluid chloride content does not in any way indicate meningitis; it occurs in any condition where plasma chlorides are low for any reason. This may sometimes cause confusion clinically in an infection where there may be symptoms of meningism; for example, lobar pneumonia is nearly always associated with a fall in cerebrospinal fluid chlorides, entirely apart from any meningeal infection. Low chloride content of the cerebrospinal fluid is not evidence of meningitis unless there are at the same time signs of meningeal inflammation such as a rise in the cell count and protein content of the fluid.' The lowest cerebrospinal fluid chlorides, like the lowest plasma chlorides are found in alkalosis: the lowest I have personally seen in this condition is 72 m.Eq. per litre (422 mg. per 100 c.c. as sodium chloride): many cases of nephritis also show a marked fall in the cerebrospinal fluid chloride level.
Tuberculous infection generally is associated with low plasma chlorides, and this is reflected in a low cerebrospinal fluid chloride, whether there is or is not meningitis. In tuberculous meningitis, on the whole, the chloride content tends to be lower than in ordinarv coccal meningitis, but contrary to a widespread belief there is no sharp dividing line between the two. I have gcae through our laboratory records for ten years, and fig. 8 first cerebrospinal fluid examination on each patient; in some cases, shaded in the figure, a lower value was obtained on subsequent examination, and doubtless if examinations had been repeated more often, a further fall in some might have been observed towards the end, but from the diagnostic point of view, the values early in the disease are the most important. If the figures are looked at in another way, it may be said that approximately 50% of cases of tuberculous meningitis have cerebrospinal fluid chlorides of 640 mg. per 100 c.c. or lower on admission, whereas 50% of non-tuberculous meningitis have chlorides of 675 mg. per 100 c.c. or lower. 25% of the tuberculous patients have chlorides of 600 mg. per 100 c.c. or lower, while only 5% of non-tuberculous are as low.
Although sodium, chlorine and bicarbonate are the electrolytes chiefly concerned in acid-base balance of the body, it is perhaps appropriate to include a few very brief remarks about clinical changes in serum potassium. As regards the other kations, changes in calcium metabolism are too weIl known to require mention, and there is very little known at present about changes in serum magnesium.
Some years ago I stowed that serum potassium fell to very low levels in attacks of familial periodic paralysis, the first example where a fall in serum potassium was shown to have any clinical importance. This fall appeared to be due to an abnormal muscular demand for potassium, as we were subsequently able to show by balance experiments that the urinary excretion of potassium at the time of an attack fell to very low levels. Up to the present, familial periodic paralysis is the only authentic condition in which paralysis is associated with low serum potassium: I have repeatedly found serum potassium as low as 7 mg. per 100 c.c. (less than 2 m.Eq. per litre) in alkalosis, without any symptoms, and the low finding after testosterone administration or in Cushifg's syndrome is not associated with any paralytic manifestations. A recent paper by Brown, Currens and Marchand (1944) describing attacks of paralysis in association with chronic nephritis, and claiming that these are due to loss of potassium is not convincing.
High serum potassium occurs notably in untreated Addison's disease, in some cases of crush syndrome and in some -cases of chronic nephritis with uraemia, although, frequently, a damaged kidney retains the property of excreting potassium adequately after it has lost the power of dealing with sodium. In general, moderate rises in serum potassium level produce no symptoms, but very high values above about 10 m.Eq. per litre (39 mg. per 100 c.c.) are associated with electrocardiographic changes and perhaps terminal heart failure.
These examples have been chosen to depict the changes occurring in some of the serum electrolytes as related changes between the parts of a very delicately balanced mechanism, rather than as isolated, unrelated, phenomena, and no attempt has been made to cover completely the metabolism of sodium and chlorine.
